Introduction {#Sec1}
============

Age-related macular degeneration (AMD) is one of the world's leading causes of blindness and impairment or loss of the retinal pigment epithelium (RPE) is a central pathogenic factor \[[@CR1]\]. The culture and implantation of RPE transplants is a promising avenue for treatment of AMD, and several studies have shown the capability of this approach to improve visual function \[[@CR2]--[@CR11]\]. Despite steadily improving strategies for cell replacement, tissue engineering of cell sheets that fulfill the requirements for transplantation is complex \[[@CR12]\]. This is likely to lead to the centralization of the technology to highly specialized units. For further advancement of RPE replacement therapies, the establishment of a storage technique would give several advantages. First, a storage method allows for the transportation of the transplants from centralized units to eye clinics worldwide. Second, it may provide sufficient time to permit quality control of the cultured cells prior to transplantation. Third, storage allows microbiological assessment of the tissue before surgery \[[@CR13]\]. Finally, it gives increased flexibility for both the patient and the surgeon in scheduling operations \[[@CR14], [@CR15]\]. With recent advances of RPE tissue engineering approaches, the need for improved storage and transportation methods for cultured RPE is anticipated to increase in coming years.

In a previous study by the authors, following an investigation of the effects of nine storage temperatures spanning between 4 and 37 °C for 1 week of storage, only 49% of viable cells were maintained at the best temperature (16 °C) \[[@CR16]\]. The medium used was simple, containing only 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and sodium bicarbonate-buffered Minimum Essential Medium (MEM) and gentamycin.

In the present study, the authors investigate whether the number of viable cells can be increased following 1 week of storage at 16 °C by individually supplementing a basal storage medium with seven different substances; two of which are analgesics and five of which have antioxidant effects.

Materials and Methods {#Sec2}
=====================

Cell Culture Media and Reagents {#Sec3}
-------------------------------

Adult retinal pigment epithelial cells (ARPE-19) were purchased from the American Type Culture Collection (ATCC) (Manassas, VA, USA). Nunclon^®^ Δ-surface multidishes (Thermo Scientific; Waltham, MA, USA), glass coverslips, syringes and pipettes were purchased from VWR International (West Chester, PA, USA). The calcein-acetoxymethyl ester (CAM) and the Minimum Essential Medium (MEM) were obtained from Invitrogen (Carlsbad, CA, USA). Dulbecco's Modified Eagle's Medium (DMEM): Nutrient Mixture F12, trypsin-ethylendiaminetetraacetic acid (EDTA), fetal bovine serum (FBS), penicillin, streptomycin, gentamycin, phosphate-buffered saline (PBS), HEPES, bovine serum albumin (BSA), sodium bicarbonate, propidium iodide (PI) solution, Triton X-100 solution and 4′,6-diamidino-2-phenylindole (DAPI) were all from Sigma-Aldrich (St. Louis, MO, USA). The rabbit anti-cleaved caspase-3 (Asp 175) antibody was supplied by Cell Signaling Technology (Danvers, MA, USA), while the mouse anti-RPE65 antibody and the secondary antibodies; fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG and cyanine dye 3 (Cy3)-conjugated goat anti-rabbit IgG were purchased from Abcam (Cambridge, UK). The additives \[[d]{.smallcaps}-Ala^2^, [d]{.smallcaps}-Leu^5^\]-encephalin (DADLE), capsazepine, docosahexaenoic acid (DHA), resveratrol, sulforaphane, simvastatin and quercetin were all provided by Sigma-Aldrich. Acrodisc syringe filters for sterile filtration were purchased from Pall Corporation (Port Washington, New York, USA).

This article does not contain any studies with human or animal subjects performed by any of the authors.

Culture and Storage of Retinal Pigment Epithelial (RPE) Cells {#Sec4}
-------------------------------------------------------------

ARPE-19 cells were cultured in 95% air and 5% CO~2~ at 37°C in DMEM/F12 medium with 10% FBS, 50 units/mL penicillin and 50 μg/mL streptomycin added. The cells were seeded on either Nunclon Δ-surface 48-well plates or on glass coverslips. After 2 days, the culture medium was changed. On day three, the culture medium was removed, and the cultures were rinsed with PBS before adding the storage medium. The unsupplemented storage medium consisted of 1.0 mL MEM, 25 mM HEPES, 22.3 mM sodium bicarbonate and 50 μg/mL gentamycin (hereafter named MEM). Storage media were individually supplemented with the additives, each at three or four concentrations, resulting in 26 experimental groups (*n* = 12 for DADLE, resveratrol, simvastatin and quercetin; *n* = 20 for capsazepine; *n* = 8 for DHA; *n* = 16 for sulforaphane). The medium was sterile filtered (pore size 0.2 μm) before it was added to the wells. The control group comprised epithelial cells stored in unsupplemented MEM (*n* equal to that of each additive group). All the cultures were stored at 16 °C for 7 days, without change or addition of storage medium. The storage containers were custom built as previously reported \[[@CR16]\].

Viability Analysis {#Sec5}
------------------

Cell viability was analyzed after 1 week of storage by incubating the stored cells with PBS containing 1.0 μM CAM for 1 h. CAM fluorescence quantification was performed with a microplate fluorometer (Fluoroskan Ascent™, Thermo Scientific, Waltham, MA, USA) with the excitation/emission filter pair 485 nm/538 nm. Mean fluorescence was calculated for all additive groups. The reliability of the CAM measurements in determining cell number was demonstrated in a previous study \[[@CR16]\].

Phenotype Analysis {#Sec6}
------------------

### Preparations for the Phenotype Analysis {#Sec7}

Cell phenotype of stored cultures was determined by two methods: (1) microplate fluorometer (Fluoroskan Ascent) and (2) epifluorescence microscopy (Nikon Eclipse; Nikon Instruments, Tokyo, Japan). Twenty-four well multidishes with three-day cultured ARPE-19 cells stored for 7 days at 16 °C in MEM with additives were fixed in methanol for 15 min at room temperature. Cultures stored in unsupplemented MEM served as controls. To quantify cell number after storage by the microplate fluorometer, methanol-fixed cells were incubated with PI diluted in PBS (1:200) for 3 min before the fluorescence was measured with a 530 nm/620 nm excitation/emission filter. Thereafter, permeabilizing/blocking solution containing PBS with 1% BSA and 0.2% Triton X-100 was added for a 30-min incubation.

Primary antibodies were diluted in PBS with 1% BSA to obtain a concentration of 1:400 and 1:200 for anti-caspase-3 and anti-RPE65, respectively. Fixed cells were incubated with primary antibodies at 4 °C overnight. For the negative control, primary antibodies were omitted. The goat anti-rabbit Cy3-conjugated secondary antibodies were diluted to 1:10,000 and the goat anti-mouse FITC-conjugated secondary antibodies were diluted to 1:250, both in PBS containing 1% BSA. Cells were incubated with secondary antibodies for 1 h and rinsed with PBS before the addition of 1 μg/mL DAPI to visualize cell nuclei using epifluorescence microscopy.

### Fluorescence Quantification using the Microplate Fluorometer {#Sec8}

After incubation with FITC-conjugated secondary antibodies as described above, samples were analyzed with a microplate fluorometer (Fluoroskan Ascent; excitation/emission filters of 485 nm/538 nm). PI fluorescence intensity was measured to quantify the number of cells in each well, as the number of methanol-fixed cells was highly correlated with PI fluorescence intensity (*R*^2^ = 0.996; *P* \< 0.001; data not shown). FITC fluorescence intensity per cell was obtained by the following calculation: FITC fluorescence intensity per well/PI fluorescence intensities per well. Mean fluorescence was calculated for all groups.

### Fluorescence Quantification of Epifluorescence Microscopy Photomicrographs using ImageJ {#Sec9}

Using a Nikon Eclipse Ti fluorescence microscope (Nikon Instruments, Tokyo, Japan) with a motorized microscope stage, photomicrographs were captured at five predetermined locations in each well. Photomicrographs were captured at 200× magnification with a Nikon DS-Qi1 black-and-white camera (Nikon Instruments). Identical exposure length and gain were used for all compared groups, while keeping the image brightness within the camera's dynamic range. Image J software (version 1.44) \[[@CR17]\] was used to convert the corresponding FITC/Cy3 and DAPI photomicrographs to 8-bit gray scale pictures, and was also used to make selections of preset diameters surrounding cell nuclei in the DAPI photomicrographs. These selections were transferred to the caspase-3 and RPE65 photomicrographs, and fluorescence intensities were measured within these selections only (Fig. [1](#Fig1){ref-type="fig"}). This allowed for the normalization of fluorescence intensity according to cell number in each well. Background fluorescence intensity measured in controls without primary antibody was subtracted from all samples. The mean fluorescence value in each well was an average of the five predetermined positions.Fig. 1Photomicrographs showing the expression of RPE65 (**a**, **e**) and caspase-3 (**b**, **f**) in cultured ARPE-19 cells. Selections (*red*) around all cell nuclei (*white*) (**c**, **d**) were automatically created by ImageJ software. RPE65 (**e**) and caspase-3 (**f**) fluorescence intensity was then measured solely within the *red* selections, thereby normalizing for the number of cells in each image. Magnification ×200. *ARPE-19* adult retinal pigment epithelium 19, *Cy3* cyanine dye 3, *DAPI* 4′, 6-diamidino-2-phenylindole, *FITC* fluorescein isothiocyanate, *RPE65* retinal pigment epithelium-specific protein 65 kDa

Morphology Analysis {#Sec10}
-------------------

ARPE-19 cells were cultured until confluence on glass coverslips. Cell cultures were then stored at 16 °C for 7 days in MEM supplemented with selected additives. Cells stored without additives in the storage medium and cells that had not been stored served as controls. Stored cultures were prepared for scanning electron microscopy (SEM) by fixation in 2.5% glutaraldehyde solution, dehydration in increasing concentrations of ethanol and drying with the critical point method (Polaron E3100 Critical Point Drier; Polaron Equipment Ltd, Watford, UK). Platinum-coated samples were photographed with an XL30 ESEM electron microscope (Philips, Amsterdam, The Netherlands).

Statistical Analysis {#Sec11}
--------------------

Statistical analysis was performed using one-way ANOVA with Tukey's post hoc comparisons \[SPSS ver. 19.0 (IBM, New York, USA)\]. *P* values below 0.05 were considered significant. Data were expressed as mean ± standard error of the mean.

Results {#Sec12}
=======

Viability of Stored ARPE-19 Cell Cultures {#Sec13}
-----------------------------------------

Cell survival following 1 week of storage in all 26 experimental groups was assessed by CAM fluorescence. Of the seven additives tested, supplementation of the storage medium with 1 mM DADLE, 1 μM capsazepine, 50 nM DHA or 30 μM resveratrol significantly increased the number of viable cells by 86.1% ± 41.9%, 67.9% ± 24.7%, 36.5% ± 10.3% and 21.1% ± 6.4%, respectively, compared to cells stored in unsupplemented MEM (Fig. [2](#Fig2){ref-type="fig"}a--d). These four additives also demonstrated a concentration-dependent effect on CAM fluorescence. The addition of quercetin, simvastatin or sulforaphane to the storage medium did not increase cellular CAM fluorescence after storage (Fig. [2](#Fig2){ref-type="fig"}e, f).Fig. 2*Bar* charts demonstrating viability of cultured ARPE-19 cells after storage at 16 °C for 7 days. Viability was assessed with a calcein-acetoxymethyl ester (CAM) reagent by a microplate fluorometer. Compared to the unsupplemented storage group, MEM with the addition of DADLE (**a**), capsazepine (**b**), DHA (**c**) or resveratrol (**d**) demonstrated a concentration-dependent increase in viability. Addition of sulforaphane (**e**), simvastatin (**f**), or quercetin (**g**) to the storage medium had no effect on cell viability. \**P* \< 0.05 compared to MEM and 0.1 mM DADLE; *P* \< 0.01 compared to 0.001 mM DADLE and 0.01 mM DADLE. ^†^ *P* \< 0.05 compared to MEM. ^‡^ *P* \< 0.05 compared to MEM. ^§^ *P* \< 0.01 compared to 300 μM resveratrol. ^¶^ *P* \< 0.05 compared to MEM; *P* \< 0.01 compared to 300 μM resveratrol. *Error bars* standard error of the mean. *CAM* calcein-acetoxymethyl ester, *DADLE* \[[d]{.smallcaps}-Ala^2^, [d]{.smallcaps}-Leu^5^\]-encephalin, *DHA* docosahexaenoic acid, *MEM* minimal essential medium

Phenotype of Stored ARPE-19 Cell Cultures {#Sec14}
-----------------------------------------

As DADLE, capsazepine, DHA and resveratrol added to MEM increased the number of live cells after storage, these substances were also analyzed for their effect on ARPE-19 phenotype after storage (*n* = 8 for each additive).

To assess the level of apoptosis, caspase-3 expression was measured by ImageJ, revealing a significantly lower expression in cells stored in MEM with either DHA or resveratrol compared to cells stored in unsupplemented MEM (Fig. [3](#Fig3){ref-type="fig"}). The caspase-3 expression of cells stored in unsupplemented MEM was already low (\<0.1% caspase-3 positive cells of total cell number), as reported earlier \[[@CR16]\]. Relative to this low percentage, cells stored with DHA or resveratrol showed a caspase-3 expression of 8.0% ± 4.0% and 9.8% ± 4.6%, respectively (\<0.01% caspase-3 positive cells of total cell number).Fig. 3ImageJ quantification of caspase-3 expression after storage. *Bar* chart demonstrating caspase-3 expression in cultured ARPE-19 cells stored at 16 °C for 7 days. The cells were stored in unsupplemented MEM (control) or MEM supplemented with DADLE (1 mM), capsazepine (1 μM), DHA (50 nM) or resveratrol (30 μM). Compared to the unsupplemented MEM group, caspase-3 expression was significantly decreased for both DHA (50 nM) and resveratrol (30 μM) when assessed by ImageJ. \**P* \< 0.01 compared to MEM. *Error bars* standard error of the mean. *ARPE-19* adult retinal pigment epithelium 19, *DADLE* \[[d]{.smallcaps}-Ala^2^, [d]{.smallcaps}-Leu^5^\]-encephalin, *DHA* docosahexaenoic acid, *MEM* minimal essential medium

To reveal whether the additives affect ARPE-19 cell differentiation after storage, expression of the differentiation marker RPE65 was quantified by both ImageJ and a microplate fluorometer. None of the additives had any effect on RPE65 expression irrespective of the analysis used (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4**a** ImageJ quantification of RPE65 expression after storage. **b** Microplate fluorometer quantification of RPE65 expression after storage. *Bar* charts demonstrating RPE65 expression in cultured ARPE-19 cells stored at 16 °C for 7 days. The cells were stored in unsupplemented MEM (control) or MEM supplemented with 1 mM DADLE, 1 μM capsazepine, 50 nM DHA or 30 μM resveratrol. Compared to the unsupplemented MEM group, the additives did not change RPE65 expression when assessed by either ImageJ (**a**) or a microplate fluorometer (**b**). *Error bars* standard error of the mean. *DADLE* \[[d]{.smallcaps}-Ala^2^, [d]{.smallcaps}-Leu^5^\]-encephalin, *DHA* docosahexaenoic acid, *MEM* minimal essential medium, *RPE65* retinal pigment epithelium-specific protein 65 kDa

Morphology of Stored ARPE-19 Cell Cultures {#Sec15}
------------------------------------------

DADLE, capsazepine, DHA and resveratrol were assessed by SEM for their potential effects on cell morphology following storage. No obvious difference in morphology was revealed between the supplemented versus the unsupplemented groups (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Scanning electron photomicrographs of ARPE-19 cultures. Scanning electron photomicrographs showing cultured ARPE-19 cells without subsequent storage (**a**, **b**) and after storage for 7 days at 16 °C in unsupplemented MEM (**c**, **d**), and MEM supplemented with 1 mM DADLE (**e**, **f**), 1 μM capsazepine (**g**, **h**), 50 nM DHA (**i**, **j**), or 30 μM resveratrol (**k**, **l**). All storage groups displayed few signs of cell damage and appeared morphologically similar with respect to cell--cell and cell--substrate attachment. Images are representative of three independent samples. *Scale bars* 100 μm (*black*); 20 μm (*white*). *ARPE-19* adult retinal pigment epithelium 19, *DADLE* \[[d]{.smallcaps}-Ala^2^, [d]{.smallcaps}-Leu^5^\]-encephalin, *DHA* docosahexaenoic acid, *MEM* minimal essential medium

Discussion {#Sec16}
==========

The present study shows that the number of viable cultured ARPE-19 cells following 1 week of storage can be increased by adding DADLE, capsazepine, DHA or resveratrol to a serum- and xenobiotic-free MEM-based storage medium. The other antioxidants, quercetin, simvastatin and sulforaphane, however, did not improve the viability results. Addition of DADLE, capsazepine, DHA or resveratrol to MEM did not change the level of differentiation. Addition of DHA or resveratrol significantly reduced the caspase-3 expression, corroborating the viability data. Cell morphology appeared unaffected after storage in all groups. Neither the control cultures nor the cultures that had been subjected to storage were fully confluent, a finding that is in line with the results from an earlier study from the authors \[[@CR16]\]. Notably, the authors could not identify a marked increase in signs of cell apoptosis, such as cell membrane blebbing or condensation of the nucleus or cytosol, in the stored cultures.

It is critical to maintain the viability of the cultured retinal pigment epithelial cells during the storage period for the graft to function optimally upon transplantation into the sub-retinal space. However, in a previous study using the same culture protocol as described in the present study, the average number of viable cells reached only 49% in the most favorable temperature group (16 °C) compared to the unstored control \[[@CR16]\].

As MEM consists of inorganic salts, amino acids, vitamins and glucose, the authors hypothesized that viability could be enhanced by supplementing this basal medium with certain additives that have proved favorable in other, but unrelated experiments \[[@CR18]--[@CR34]\]. The simple composition of the basal medium used in the experimental groups eases the interpretation of the individual effects of each added substance.

A storage temperature of 16 °C could be sufficiently high to prevent most of the hypothermic-associated injurious factors, including reactive oxidant formation and disturbances in cellular ion homeostasis \[[@CR35]\]. The authors hypothesized, however, that antioxidant protection using their storage protocol could be advantageous. Both increased production of oxidizing species or a decrease in the effectiveness of the antioxidant defense mechanisms can result in oxidative stress \[[@CR36]\]. The effects of oxidative stress, however, are dependent on the magnitude of these changes. The cell may be able to overcome small perturbations and regain its original state. Conversely, more severe oxidative stress may trigger apoptosis, whereas substantial oxidative stress may cause necrosis \[[@CR37]\]. Production of reactive oxygen species, such as free radicals and peroxidases, is considered a potentially devastating feature of oxidative stress \[[@CR38]\].

By adding 1 mM DADLE to the storage medium, the number of viable cells increased by 86.1% after storage. DADLE is an analogue of endogenous δ opioid encephalin, which has been shown to induce hibernation, enhance survival of transplanted organs, and block or reverse neurodegeneration induced by methamphetamine \[[@CR18], [@CR19]\]. Its effects are comparable to those of the hibernation induction trigger (HIT), which initiates hibernation in mammals by lowering body temperature and reducing metabolism \[[@CR19]\]. These features might be relevant in the effect of DADLE on stored RPE cell cultures.

A concentration of 1.0 μM capsazepine in the storage medium increased cell viability by 67.9% compared to control cultures. Capsazepine is a specific antagonist of the transient receptor potential vanilloid (TRPV1) channel, a receptor that is a significant molecular transducer of painful stimuli related to temperature, mechanical stress and acidity, which lead to intracellular calcium changes \[[@CR20], [@CR21]\]. TRPV1, -2, -3 and -4 channels have been identified in both freshly isolated primary human RPE cells and ARPE-19 cells, with the same expression profile being observed for both cell types \[[@CR39]\]. Activation of TRPV1 increases the release of interleukin (IL)-6 and IL-8, and the ability of TRPV1 channels to regulate intracellular calcium (Ca^2+^) can be almost completely blocked by capsazepine \[[@CR21]\].

By adding 50 nM DHA to the storage medium, the average amount of viable cells after storage increased by 36.5%. DHA is highly prevalent in photoreceptor and synaptic membranes \[[@CR40], [@CR41]\], and is crucial for development of the retina and brain. RPE cells both recycle DHA from phagocytosed photoreceptor outer segments and take up DHA from the blood, before delivering it to the photoreceptors to counterbalance their continuous outer segment shedding \[[@CR22], [@CR41]\]. The addition of DHA to ARPE-19 cell cultures has an inhibitory effect on cellular oxidative stress \[[@CR22], [@CR41]\], specifically by upregulating anti-apoptotic proteins and down-regulating pro-apoptotic proteins \[[@CR23]\]. These effects might be reflected in the increase in cell viability and reduction of caspase-3 expression demonstrated in the current study.

By adding 30 μM resveratrol to the storage medium, the average number of viable cells after storage increased by 21.1%. Resveratrol is a natural phenol with antioxidant activity. It has been reported to prevent cell death and caspase activation in RPE cells in response to exposure to hydrogen peroxide (H~2~O~2~) and toxic components found in cigarette smoke \[[@CR24]--[@CR27]\]. These antioxidant effects might have contributed to increasing cell viability in the current study.

Sulforaphane, simvastatin, and quercetin were also assessed, but these substances did not have any advantageous effects on the cells post storage. Sulforaphane is an isothiocyanate isolated from broccoli, which has powerful inductive effects on phase two detoxification enzymes (e.g., glutathione transferases) \[[@CR28], [@CR30]\]. Treatment of ARPE-19 cells with sulforaphane has been shown to reduce the toxic effect of oxidative stressors \[[@CR28]\] and photooxidation \[[@CR29]\]. Simvastatin has been reported to suppress oxidant-induced reactive oxygen species accumulation and apoptosis of RPE cells, and prevent oxidative stress-induced activation \[[@CR31]\]. Furthermore, it protects neurons from cytotoxicity both in vivo and in vitro by upregulating B cell lymphoma 2 (Bcl-2) \[[@CR32]\]. Quercetin, a flavonoid, is a dietary antioxidant that has been reported to have the potential to strengthen survival signals \[[@CR33]\]. It is also a chelating agent, able to inactivate the metal iron responsible for the generation of reactive oxidative species, thereby protecting DNA from oxidative damage \[[@CR34]\].

Thus, all seven additives explored in the current study were carefully chosen based on their known cell supportive effects. Prior to the study all were regarded as equally promising, making both the positive and negative results interesting. To the knowledge of the authors, there are no previous studies investigating the effect of these seven substances on storage of cultured RPE cells.

A possible limitation of the current study is the sole use of the ARPE-19 cell line as a model organism for RPE. The ARPE-19 cell line has been indispensable in RPE research over the last decades and is recognized for displaying significant functional differentiation \[[@CR42], [@CR43]\], even though the cell line does not mirror all the functions and characteristics of native RPE \[[@CR44], [@CR45]\]. Several studies have shown that native RPE exhibits considerable regional variation, and that culture models of the RPE thus are inherently heterogeneous \[[@CR46]--[@CR48]\]. RPE cells in culture, including primary cells and ARPE-19 cells, can display a heterogeneity that exceeds the normal variation described in RPE in vivo \[[@CR44], [@CR49]--[@CR51]\]. Due to the inherent heterogeneity of RPE cells, future studies based on additional RPE sources would be advantageous. In addition, further studies are warranted to confirm the results of this study under various storage conditions and to elucidate the mechanisms by which DADLE, capsazepine, DHA and resveratrol exert their effects on stored ARPE-19 cells.

Conclusion {#Sec17}
==========

In conclusion, this study demonstrates that the number of viable ARPE-19 cells can be increased by the addition of DADLE, capsazepine, DHA or resveratrol to the storage medium. Furthermore, addition of DHA or resveratrol to the storage medium can reduce caspase-3 expression of ARPE-19 cells. All four substances maintained RPE65 expression, and no obvious changes in cell morphology occurred.
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